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INTRODUCTION

Stress corrosion cracking of A723 high strength steel forgings used for
cannon is a significant concern, since the three conditions required for this
type of fracture are sometimes present with cannon - a susceptible material, an
aggressive chemical environment, a sustained tensile stress. Some consideration
has been given to environmentally assisted fracture of cannon in prior work. In
a case study of a cannon failure (ref 1), corrosion fatigue was identified as a
1ikely contributing factor to growth of the crack which initiated a classically
brittle, fragmentation-type failure of the cannon. Liquid metal embrittlement
of A723 steel by lead was shown (refs 2,3) to cause the failure of several can-
non during manufacture. Two comprehensive test series by Clark (refs 4,5) used
a forged high strength steel very similar to A723 to address initiation and
growth of stress corrosion cracks in hydrogen sulfide, a common by-product of
cannon firing.

The purpose here is to describe two separate series of incidents of
apparent stress corrosion cracking in cannon and to thereby learn more of the
cause and prevention of this type of fracture ir cannon and pressure vessels in

general,

1T, €. pavidson, J. F. Throop, and J. H. Underwood, "Failure of a 175 mm Cannon
Tube and the Resolution of the Problem Using an Autofrettaged Design," Case
Studies in Fracture Mechanics, (T. P. Rich and D. J. Cartwright, eds.), AMMRC
MS 77-5, Army Materials and Mechanics Research Center, 1977, pp. 3.9.1-3.9.13.
M, H. Kamdar, "Embrittlement of Gun Steel by Liquid Lead," ARRADCOM Report
ARLCB-TR-77046, Benet Weapons Laboratory, Watervliet, NY, December 1977.

3M. H. Kamdar, "Embrittlement of 4340 Type Steel by Liquid Lead and Antimony and
Lead-Antimony Solutions,” Embrittlement by Liquid and Solid Metals, (M. H.
Kamdar, ed.), AIME, 1983, pp. 149-159.

4w. 6. Clark, Jr., "applicability of the Kigec Concept to Very Small Defects,"
Cracks and Fracture, ASTM STP 601, ASTM, 1976, pp. 138-153.

54. 6. Clark, Jr., "Stress-Corrosion Crack Initiation in High-Strength Type 4340
Steel," Flow Growth and Fracture, ASTM STP 631, ASTM, 1977, pp. 121-138.




CASE I: MUZZLE CRACKING

Macroscopic Nature of Cracking

Ouring the late 1970's muzzle cracking of the 105-mm inner diameter (1D)
cannon was reportec¢ at Army proving grounds. Cracks were noted on the outer
diameter (0D) surface of the cannon within about one meter of the muzzle end of
the tube. Investigation of the cracking began with a thorough ultrasonic survey
of the muzzie end of the first tube in which 0D cracks were observed. An end-on
pulse-echo ultrasonic method, developed for nondestructive investigation of can-
non (ref 6), was used to map out the location aﬁd depth of cracks emanating from
the 1D surface, see Figure 1. Crack depths of 0.5 to 1.0 mm can be detected
with the ultrasonic method. However, only depths of 1.5 mm and greater are
indicated in Figure 1 to limit the amount of data shown. For tube #156 shown in
Figure 1, the cracking occurred over a total included angle of about 90 degrees
and in locations from about 60 to 380 mm from the muzzle end of the tube. The
orientation of the cracks observed on the OD surface and those growing from the
10 both seem to follow the helical pattern of the cannon rifling.

The same general pattern of extensive cracking from the ID and occasional
cracks on the OD has been noted in a n mber of tubes. Table I lists 13 tubes in
which muzzle cracking has been noted, along with service and test conditions
which apply to these 13 tubes. Groups 1 and 4 are tubes in which cracks were
observed with the unaided eye on the 0D surface. Groups 2 and 3 are tubes in

which cracks were located by ultrasonics with depths partway through from the 10D

%0, °. Kendall, J. H. Underwood, and 0. C. Winters, "Fracture Toughness
Measurement and Ultrasonic Crack Measurement in Thick-Wall Cylinder

Geometries,” High Pressure Engineering, The Institution of Mechanical
Engineers, London, 1977, pp. 255-263.
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to the 0D. The firing cycles listed for each tube give some indication of the
cumulative exposure to service firing conditions. The additional laboratory and
firing tests which were performed with some of the tubes will be discussed in
upcoming sections of this report,

The overall nature of the cracking, regarding macroscopic size and shape,
was well revealed when the first tube which showed OD surface cracks was broken
open, see Figure 2, This fracture surface was typical of those from tubes of
Table I, in that three distinct regions can be seen. The first, a dark region
near the ID surface, appears by its dark color to have existed for some time.

An intermediate region made up of semielliptical-shaped, light areas, was the
result of relatively recent fatigue cracking. The region near the 0D surface
was the result of the final, fast jump of the crack through to the 00 surface.
A 102-mm long portion of this final failure is believed to have occurred during
one of the last firing cycles applied to this tube. The remaining final failure

shown in Figure 2 occurred in our laboratory when the tube was broken open.

Figure 2. Fracture surface of tube #156; 200-mm long segment of tube shown,
including 102-mm long crack perforation on OD surface (1X).
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The most puzzling aspect of the fracture surrace shown in Figure 2 was the
ortentation of the crack during its first region of growth, near the ID surface.
The crack, soon aftar initiating at the ID surface, turned to a generally cir-
cunferential direction for a considerable distance, as opposed to the nearly
universally observed radial direction crack growth in cannon tubes. This cir-
cumferential direction cracking, observed with 11 of the 13 tubes in Table I,
cannct be easily explained. Crack growth is expected in the radial direction,
in response to the circumferential direction tensile stresses in a pressurized
cylinder. Cracking in the circunferéntial direction is not expected, because
no significant tensile stresses are expected in the direction normal to this
crack plane, that is, the radial direction. By definition, the radial direction
tensile stress at the 1D surface must be zero.

Additional evidence of the unexpected circumferential direction cracking is
shown in Figure 3. Initiation of cracking can be seen at each of the rifling
land fillets, such as location (a). The crack which eventually grows through to
the 00 surface starts at location (b), at the fillet of the unseen land to the
left. Soon after this primary crack left the 1D surface, it began to turn, so
that when it reached location (c), its direction was almost directly circum-
ferential. Cracks which have grown at least to the extent of location (c) are
very easily located using the end-on ultrasonic method (ref 6), because a crack
of this orientation presents a nearly planar surface approximately normal to the
vitrasonic beam, and this results in a strong reflection. As the crack grew

further, it eventually turned back toward a generally radial direction and

%0. P. Kendall, J. H. Underwood, and D. C. Winters, "Fracture Toughness
Measurement and Ultrasonic Crack Measurement in Thick-Wall Cylinder
Geometries,"” High Pressure Engineering, The Institution of Mechanical
Engineers, London, 1377, pp. 255-263.
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resumed growth toward the 0D surface, location (d). Microstructural and frac-

-
S

tographic details at these locations are given in the next section.

N

o

Figure 3. Polished and etched cross-section of a portion of tube #156
showing crack growth from ID to OD and locations of additional
investigation (15X).

Microscopic Nature of Cracking

Figure 4 is a series of photomicrographs and fractographs at the locations
shown in Figure 3. Figure 4a shows the multiply-branched nature of the cracks
which occur at the land fillets, location (a). Figure 4b shows a relatively
featureless fracture surface with some indication of secondary cracking at loca-
tion (b) of the primary crack. These characterist+ 38 in Figures 4a and b -
multiple branching, featuro1ossne§s, and secondary cracking - are all
indications of stress corrosion cracking, as opposed to cracking due to mechani-
cal loads, such as fatigue and fast fracture. Farther in the growth of the
primary crack shown in Figure 3, evidence of both fatigue and fast fracture was 2
observed. Figure 4¢c shows typica) morphology of fatigue cracking, and Figure 4d

shows the dimpled rupture of fast fracture.




Figure 4. Cracks and fracture surfaces for tube #156:
(a) Photomicrograph of location a in Figure
3 showing cracks from the land fillet
{100X).
(b,c,d) SEM fractographs at locations b, ¢, d in
Figure 3 (400X, 100X, 1700X, respectively).




Another strong indication of stress corrosion cracking is intergranular
crack growth. Such crack growth was often observed near the 10 surface.
Metallographic investigation of tube #190 shows clear indications of intergran-
ular cracking. In Figure S5a the fracture surface of the primary crack is rela-
tively featureless, and the secondary cracking has an intergranular appearance.
In Figure 5b the secondary cracking which intersects the primary crack surface
is clearly intergranular along the prior austenitic grain boundaries.

Residual Stress Measurement and Analysis

Cannon tubes are often autofrettaged, as were the 105-mm tubes under con-

-~
-t

sideration here. A hydraulic overpressure was applied, so that as usual with

autofrettage, following the plastic deformation which executes the autofrettage,

i) -

compressive residual stress remains near the ID surface and tensile residual

stress remains near the 0D surface. The pressure used for this tube was well in

-
A

excess of the 100 percent overstrain pressure which produces plastic defo-nation
throughout the relatively thin wall at the muzzle end of the tube. An external
container was used to limit the plastic dilation of the tube.

The circumferential direction compressive residual stresses which should be
present following autofrettage of this tube would be expected to absolutely pre-
vent any tvpe of stress corrosion cracking at or near the ID surface. However,
because of the many indications of stress corrosion cracking sShown in Figures 1
through §, measurements and analysis were performed to determine the state of

residual stress in the muzzle end of the tube. Figure 6 shows some of the

results., First, the circumferential direction residual stress, gg, can be




(a) SEM fractograph of primary crack at ID surface (350X) (similar to
locatfon b in Figure 3).

(b) Photomicrograph of section intersecting primary fracture surface near
10 surface (1000X).

Figure 5. Intergranular crack growth for tube #190.
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calculated from classical plasticity analysis (ref 7) for the 100 percent .Q
l.‘

overstrain condition, :g
rqt rpt "

gg/oy = 1 + In(r/rq) - In(ra/r1)}{l1 ¢ ------- (1 + ---) (1) :

/9y (r/rq) (ra/r1) Prsver ratd 5

L]

i

where oy is yield strength and r, ry, r, are radius, inner radius, and outer :5
l'l

radius, respectively. values of r; and r; are from Figure 1, and gy is ;
available from Table II. The material properties in Table 1I are from original 'E
b

s

tests of the tube forging and from recent tests of two tubes as part of this :g
c,“

case study. Note that the recent tests show a significant increase in strength "
and a decrease in impact energy. These changes are not scatter, but rather the g;
{n

result of the plastic deformation associated with autofrettage. .
L]

"of

TABLE II. MECHANICAL PROPERTIES OF 108-MM TUBE MATERIAL 3

-4

Notched :ﬂ

Yield Strength Impact Energy, -40°C , i)

Fracture Toughness e

Forging Recent Tests ; Forging | Recent Tests Recent Tests 9?
Tube # MPa MPa J J MPa m¥ |
"y

664 |1180,1190 | 1270,1290 30,31 25,27 - "
4

(]

_190 1180,1190 1300,1330 29,30 22,23,22,24 1109, 108, 107, 116 ﬁﬁ
v,"

Three indenendent measurements of residual stress were performed on

e

segments from the muzzle end of tube #1390, see Figure 6. The strain gage tests %}
)

used the simple concept often used to measure residual stress, of cutting away ¢$
1)

most of the material around a gage which was mounted on the component while it B
O\

was stil) whole. The strains relieved from one gage each on the 0D and 1D sur- ;ﬁ
’ b

faces of the tube were used to calculate the stresses at these points. The '
8,

slitting test used a slice cut from the tube which was s’it and measured to i
o

determine the angle of opening, vy, see Figure 6. Values of circumferential *
§

TR. Hi11, The Mathematical Theory of Plasticity, Oxford University Press, 1950. Pi
.,

)

]

o

)
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Figure 6. Measured and analytical residual stress distributions for
105-mm tube #£180.

direction residual stress, gg, can be calculated using the measured angle of
slit opening, vn, as follows,
Og = 0g(Ym/7¢) (2)
where v, is obtained from
Tm = tan~'(A/r3) (3)
in which A is the measured opening on the tube 0D surface. The theoretical
value of slit opening, vy, for a full overstrain condition is (ref 8):

Ye = 4.62 noy/€E (4)

LTy Parker, J. H. Underwood, J. F. Throop, and C. P. Andrasic, "Stress
Intensity and Fatigue Crack Growth in a Pressurized, Autofrettaged Thick
Cylinder." Fracture Mechanics: Fourteenth Symposium - Volume I: Theory and

Analysis, ASTM STP 791, (J. C. Lewis and G. Sines, eds.), ASTM, 1983, pp.
1-2168-1-237.
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in which E is elastic modulus, 207,000 MPa, and v, is given in radians. For the
mean value of strength in Table II, vy = 5.2 degrees, whereas the measured
opening angle for the tube was 2.3 degrees, Therefore, by this measure, the
residual stress in tube #190 was less than half that predicted by analysis. The
slitting test residual stress values shown in Figure 6, calculated from Eqs. (1)
through (4), reflect this significant difference between measurement and analy-
sis.

The third type of measurement of residual stress used for the results in
Figure 6 is the well-known x-ray method (ref 9). It is clear tt  .he three
sets of measurements are not in close agreement. This is a reflection of the
inherent difficulty in measuring residual stress, particularly in a failed com-
ponent after many years of service. The important point is that the results
from the three independent methods all lead to the same basic conclusion, that
the measured residual stress in tube #190 is significantly below that expected
from analysis. Lower than expected residual stressés can occur for some
autofrettage conditions due to the Bauschinger effect (ref 8), which can signif-
icantly reduce the yield strength of the high strength steel used for cannon.
However, a significant Bauschinger effect has not been observed for an ry/rq as
Tow as 1.33, the value for the tubes considered here.

X-ray residual stress measurements were made at eight locations on the 0D
surface of another tube, #866. The results, shown in Figure 7, are similar to

those in Figure 6, that is, the x-ray measurements and the measurement from a

BA. P. Parker, J. H. Underwood, J. F. Threcop, and C. P. Andrasic, "Stress
Intensity and Fatigue Crack Growth in a Pressurized, Autofrettaged Thick
Cylinder,” Fracture Mechanics: Fourteenth Symposium - Volume I: Theory and
Anaiysis, ASTM STP 791, (J. C. Lewis and G. Sines, eds.), ASTM, 1983, pp.
1-216-1-237.

9. o. Cullity, Elements of X-Ray Diffraction, Addison-Wesley, Reading, MA,
1966, pp. 431-453.
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slitting test are considerably below that from analysis. In addition, the x-ray
results indicate that whatever caused a reduction in residual stress in this

tube did so in an approximately circularly-symmetric manner.
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figure 7. Measured and analytical residual stress for 105-mm tube #866.

Stress Corrosion Tests

The final type of testing performed in the muzzle cracking investigation
was subjecting tube sections to a known stress corrosion cracking environment.
If stress corrosion cracks were observed in a laboratory environment, this would
be further evidence that stress corrosion cracking had occurred in the tubes in
the service environment. These tests were planned primarily as confirmation of
the presence of tensile residual stress, since the evidence was mixed in this
regard.

Several disks, about 25-mm thick in the axial direction, were cut from
tubes #372 and #251, surface ground, and visually and magnetic particle
inspected for cracks, looking primarily at the I0 surface in the land fillets.

The disk locations were chosen as close as possible to the locations of the

14
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cracks observed in service, but with care not to include any service cracks.
The presence of pre-existing service cracks in the disks could have relieved any
tensile residual stress which might have been present.

The disks were immersed for 90-minute intervals in an aqueous solution
which has become a standard and quite severe environment for stress corrosion
cracking testing of high strength steels (ref 10), the “sour"” or "sulfide
cracking"” test solution. It is 3.5 percent NaCl solution plus 0.5 percent ace-
tic acid, periodically saturated with HyS. Two of the several disks tested
showed cracking. Magnétic particle inspection of a disk from tube #372 showed
cracks of 0.1 to 0.4-mm length, following one 90-minute immersion. A disk from
tube #251 showed many cracks, 37 in total, of 0.1 to 0.8-mm length, following
two 90-minute immersions, see Figure 8. Table 11l shows the frequency and loca-
tion of occurrence. There is little chance that these cracks had been present
before exposure to the test solution, because the same magnetic particle inspec-
tion was performed before and after exposure. Also, the nature of the cracking
is quite different, as can be seen by comparing Figures 3 and 8. The difference
in direction of the cracking shown in the two figures may be due to the presence
of applied mechanical loading in service, Figure 3, and only residual stress
loading in the laboratory, Figure 8. The important point is that the growth of
the cracks upon exposure to the test solution could have occurred only in the
presence of a sustained tensile stress, a residual stress in this case.

A discussion of test results from the muzzle cracking case study and
their implications as to the cause and prevention of stress corrosion cracking

will be given following presentation of the second case study.

1Ug, F. Brown, Stress Corrosion Cracking Control Measures, NBS Monograph 156,
National Bureau of Standards, 1977, pp. 43-54.
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FREQUENCY AND POSITION OF RADIAL CRACKS IN SECTION OF 105-MM TUBE #251 FOLLOWING
90-MINUTE IMMERSION IN NBS STRESS CORROSION CRACKING TEST SOLUTION
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Figure 8. Macrophotograph of radial cracks in section of 105-mm tube #251
following 90-minute immersion in NBS stress corrosion cracking

test solution (7X); ultraviolet illumination following magnetic
particle NDT procedure.

CASE 1I: OD SURFACE CRACKING
Nature of Cracking

During 1984 and 1985, an unusual type of cracking of two 155-mm tubes was
reported at an Army depot. Areas of cracking were observed on the 0D surface of
the breech end of the tubes. Figure 9 shows the general location of the
cracking, marked a and b, and also a more common type of cracking which is often
observed at the breech end of a cannon tube. The single crack seen in Figure 9
is due to prior, cyclic, mechanical loading in the laboratory, quite a different
phenomenon from that considered here. However, the thread sector location is
the same. A fatigue crack may initiate at the fillet of one of the thread sec-
tors which are used to secure the end closure of the tube. The stress con-
centration factor of the raised thread sector is sometimes great enough to cause
fatigue crack initiation at this fillet location. One of the two tubes under

consideration showed the unusual cracking ir the area of a thread sector fillet,

and the cracking appeared to be of a different type than the single fatigue
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crack shown in Figure 9. This suggests that, in addition to the relatively
well-understood fatigue cracking, another type of cracking, possibly stress

corrosion cracking, may affect the service life of these 155-mm tubes.

Figure 9. Prior-laboratory fatigue crack initiation and growth from the
thread sector fillet; also shown are typical locations a and
b of apparent stress corrosion cracking in two 155-mm tubes.
Some details of the cracking are given in Table IV, along with the
strength and notched impact energy properties of the tube material and of a
recently tested group of ten tubes with no cracks. Note the angular position
of the area of cracking in both tubes was the bottom-center. This suggests
that a 1iquid contaminating substance which collected by gravity at the lowest
point, may have been responsible. If the 0D surface had been covered, this
could have aided in holding an infiltrating contaminant in contact with the
surface. Such was the case. The end closure effectively covered the 0D sur-
face in the case of tube #193 at 100 mm from the breech face, and a dust
shield covered the tube in the case of #839 at 1200 mm from the breech face.
An ultraviolet 1ight photograph of magnetic particle indications is shown
in Figure 10 for the area of cracking for tube #193. The main features

revealad in this photograph are the fluorescent magnetic particles at the

locations of cracks at the tube surface. However, the ends of several threads
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can be seen, giving some reference as to size and location of the cracks. It

can be seen that the most severe cracking occurred near the thread sector

fillet.
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Figure 10. Ultraviolet light photograph of magnetic particle indications of
stress corrosion cracking in 155-mm tube #193 in thread sector
fillet, see location a in Figure 9 (2X).

Residual Stress

The 155-mm tubes were autofrettaged using the swage method, in which an
oversized mandrel is forced through the tube to obtain a 100 percent overstrain
condition. The value of residual stress at the 0D surface can be calculated,
based on classical plasticity analylsis from Eq. (1), using the average value of

yield strength from tubes #193 and #839, 1135 MPa, and nominal values of r; and

r1. 140 and 80 mm, respectively, The circumferential direction, tensile resid-
ual stress obtained is:

dg = 518 MPa (5)
This calculated residual stress can be compared with a measured value based on
s1it openings, A, from the group of ten 155-mm tubes, which were autofrettaged
in the same manner as the two under consideration here. The A values from ten
tubes varied from 9.9 to 11.5 mm. Using the mean value, 10.8 mm, and Eqs. (2)

through (4), gives

o5 = 501 MPa (6)
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The good agreement between calculated and measured residual stresses, €Eqgs.
(5) and (6), clearly indicates that there was sufficient tensile residual stress
present at the 0D surface of the 155-mm tubes for stress corrosion cracking to
occur, This is particularly true at the thread sector fillet where this nominal
stress is concentrated. An important question in this case study is what
aggressive environment was present. Un?ortunate1y, this question cannot be
answered with much certainty. Some possibilities will be discussed in the next

section.

CASE STUDY IMPLICATIONS
Cause of Cracking

We believe that stress corrosion cracking controlled the initiation and
early growth of the muzzle cracks in the 105-mm tubes and the full extent of
cracking observed on the 0D surfaces of the 155-mm tubes. Several of the
classic indications and conditions for stress corrosion cracking were present,
and the cracking was notably different from the mechanically driven crack growth
often seen in cannon tubes,

In the case of the muzzle cracking, we believe that the entire early growth
of the cracks, such as that shown in Figure 4a, was predominantly stress corro-
sion cracking. Of the three basic requirements for stress corrosion cracking -
a sustained tensile stress, a susceptible material, an aggressive environment -
the first and second relate directly to service conditions which were
substantially altered from the norm for these tests. We believe that there was
an unanticipated area of circumferential direction tensile residual stress
within a few millimeters of the ID surface of the tube. The tensile residual
stress may have been related somehow to the high-overpressure, hydrauiic method

used for the autofrettage of these tubes, but so much time has passed since the
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tubes were made, this is Tittle more than speculation. The unanticipated area
of circumferential direction tensile residual stress also provides an explana-
tion for the puzzling circumferential direction crack growth shown in Figure 3.
The circumferential tensile stress caused the stress corrosion cracking predomi-
nantly in the radial direction, normal to the stress direction, as expected.
However, once the crack had gkown through the area of tension, it faced a
compressive stress, was forced to turn to the circumferential direction, and
continued its growth in response to fatigue loads. The metallographic evidence
in Figures 4b and 4c supports this line of reasoning.

The high-overpressure method used in autofrettage is quite certain to have
caused the increase in the yield strength of the tube material, see Table II,
and a related increase in susceptibility to stress corrosion cracking. The
increase in the mean value of yield stress was from 1185 to 1298 MPa, signifi-
cantly more than could be accounted for by material or test variability. It
should also be noted that 1250 MPa is a strength level above which resistance to
stress corrosion cracking drops particularly quickly (ref 10).

In the case of the 0D surface cracking, it is the aggressive environment
requirement for stress corrosion cracking which relates to the cause of the
cracking. Measurements of sustained tensile residual stress agree well with the
expected values, £qs. (5) and (6), and the tube material does not appear to be
highly susceptible, see Table IV. This leaves environment as the suspected
abnormal service condition. The most likely aggressive environment would be a
cleaning agent which was in aqueous solution or became an aqueous solution

with added rain water, The solution became trapped between the 00 surface of

108, F. Brown, Stress Corrosion Cracking Control Measures, NBS Monograph 156,
National Bureau of Standards, 1977, pp. 43-54.
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the tube and its covering structure for a long enough period of time for stress

corrosion cracking to occur.

Effects on Service Life

The effect of the stress corrosion cracking on the service behavior of the
tubes can be determined in the case of the muzzle cracking by considering the
test results in Table I, and in the case of the 0D surface cracking by per-
forming 1ife calculations.

Referring to Table I, the group 3 tubes, which experienced relatively few
firing cycles and relatively small initial cracks, produced total fatigue lives
only marginally above the mean life of all tubes. The mean 1ife of the 13
tubes, to the point of crack breakthrough to the 0D surface, was 18,475 total
cycles, 3778 cycles standard deviation. The group 3 tubes, in which cracks
grew mainly by mechanical loading in the laboratory, had a mean 1{fe of 23,792
cycles, only 29 percent above the mean life of all tubes, most of which were
significantly affected by stress corrosion cracking. Based on this comparison,
stress corrosion cracking resulted in a relatively small decrease in fatigue
1ife. A larger effect of environment might have been observed if the affected
tubes had been compared to tubes which were totally unaffected by environment,
but this was not possible.

The effect of the muzzle cracking on the final fast failure of the tubes
can be determined from the results of the additional tests which were performed
on the group 4 tubes, Table I. Low temperature firing tests were performed with
these four tubes to determine the type of additional crack growth which would
occur from the through-wall crack already present in the tube. From 67 to 189
firing cycles were applied to the group 4 tubes, The result in three of these

tubes was a small amount of crack extension, from 6 to 39 mm. 1In the other
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tube, #614, which had the longest initial through-wall crack length, the crack
ran to the muzzle end of the tube during the 67th, and last, firing cycle.
Since the tube had withstood 66 loading cycles at a nominal temperature of -40°C
with a 95-mm long through-wall crack, this was leak-before-btreak behavior under
very severe service conditions. It is no cause for alarm. It is, however, of
interest to compare the K applied to tube #614 with the fracture toughness, Kic
of the tube material from Table I1I1. The classic expression for a center-cracked
plate can be used for applied K,

K=o(rc)% - (1)
where an average value of tensile stress, o can be calculated from the thin,

pressurized cylinder expression

- prq
g8 -m--e-- (8)
rz-n
This gives an expression for applied K
pPry -
K s commnen (nc)% (9)
rz-n

where p is internal pressure and ¢ is the average half-crack length in the axial
direction. Using a nominal p = 100 MPa, r, and rj from Figure 1, and 2c = 3/2
(95 mm) to account for a longer crack near the 1D surface than the 95-mm length
on the 0D, gives

Kapplied (-40°C) = 71 MPa m% (10)

Kic (420°C) = 110 MPa m%

The difference between K applied and Kj. may be due to the difference in tem-
perature or to the approximations used in the analysis. The important point is
that the final fast failure of the tube with a through-wall muzzle crack

occurred when K applied was approximately equal to Kj..
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In the case of the 0D surface cracking, calculations can show that the
effect of environment is quite significant. In prior work (ref 11), a general
expression was developed for calculating fatigue life of a pressure vessel,
which can be used here to compare lives with and without the presence of stress
corrosion cracking:

Ng 8 «ccccmcenee il (11)

6.52x10" '3 (fpn¥]>

In Eq. (11), N¢ is the fatigue 1ife for growth of a crack from an initial depth,
aj, to a final depth, a¢; the constant 6.52x107'? is from the fatigue crack
propagation rate equation (ref 11); f = K/p(na)¥% is a dimensionless stress
intensity factor, K parameter. Note that the constant in Eq. (11) is
appropriate for a in meters and p in MPa. An expression for f can be obtained
by combining the well-known relation for the circumferential direction stress on
the 00 surface of a tube,

o s 2p/{(ry/rq)2~1] (12)
with the expression for K for a shallow semielliptical edge notch (ref 12):

K = fgo(na)k (13)
where fg varies from 0.73 for semicircular crack to 1.12 for a straight-fronted
crack (ref 12).

Combining Eqs. (11), (12), and (13) gives a fatigue life expression which
applies strictly for shallow cracks only, but since shallow cracks so dominate

fatigue 1ife, the expression is generally useful for describing growth of

11). H. Underwood and J. F. Throop, "Surface Crack K-Estimates and Fatigue
Life Calculations in Cannon Tubes," Part-Through Crack Fatigue Life
Prediction, ASTM STP 687, (J. B. Chang, ed.), ASTM, 1979, pp. 195-210.

1257°C. Newman, Jr. and I. S. Raju, "An Empirical Stress-Intensity Factor
Equation for the Surface Crack," Engineering Fracture Mechanics, veol. 15,
No. 1-2, 1981, pp. 185-192.
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Lives can be calculated from Eq. (14) using a; = 0.03 mm, which is typical
of the expected inclusion size of A723 steel, and a; = 2.5 mm, the crack depth

corresponding to a 5-mm long semicircular surface crack, see Table IV. The

et

other nominal values used in the calculation are ag = 60 mm, fg = 0.73, p = 300

L

MPa, rjp = 140 mm, r{ = 80 mm. The results are:

-
-

R
-

for natural inclusion: N¢ = 3.45x10¢ cycles

(15)

- -
v -

for stress corrosion cracks: N¢ = 0.31x10¢ cycles

This shows that even with the nonconservative assumption that no further stress
corrosion c¢cracking would occur, the effect on the fatigue life is a reduction by
more than a factor of ten.
Prevention of Stress Corrosion Cracking

It is seldom possible to eliminate contact with the aggressive environment
and thereby absolutely prevent stress corrosion cracking. In the muzzle
cracking case, it could not be done since the environment is an integral part of
cannon firing. In the 0D surface cracking case, steps can and should be taken
to minimize contact with potentially aggressive substances, such as aqueous salt
solutions and acid solutions, particularly in the areas of the tube with
covering structures which can entrap contaminates and allow them to accomplish
their dirty work,

The susceptibility of the material can be controlled. The words of B. F.

Brown (ref 10) describe it well, "A primary measure to avoid S5CC should be the

1U8. F. Brown, Stress Corrosion Cracking Control Measures, NBS Monograph 156,
National Bureau of Standards, 1977, pp. 43-54.
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selection of a steel with good SCC properties, in particular selecting one with

no higher strength than is needed.” The high strength of the material in the

suzzle cracking case is believed to be a major contributing cause of the
cracking. This same basic lesson was learned many years ago (ref 1) in the
176-mm tube failure and subseguent redesign, which centered on a reduction in
the maximum allowed material yield strength from 1310 MPa to 1100 MPa. This
approach is sti”1 valid today.

It is also possible to control the nature of the residual stresses
resulting from autofrettage, in order to help prevent stress corrosion cracking.
Autofrettage with partial overstrain, that is with plastic deformation pro-
ceeding just partway through the wall thickness, has several advantages. First,
in comparison to a full overstrain, a partial overstrain reduces the tensile
residual stresses near the 0D surface of the tube in greater proportion than the
reduction of the compressive residual stresses near the ID surface (ref 11).
Thus, the 1ikelihood of stress corrosion cracking near the OD surface is
reduced, with no increased likelihood of stress corrosion cracking anywhere in
the tube and only a slightly increased likelihood of mechanically controlled
cracking near the ID surface. A second advantage of partial overstrain is that
the increase in yield strength of the tube material is less than that associated

with full overstrain. As already discussed, lower strength material is less

11. €. Davidson, J. F. Throop, and J. H. Underwood, "Failure of a 175 mm
Cannon Tube and the Resolution of the Problem Using an Autofrettaged
Design," Case Studies in Fracture Mechanics, (T. P. Rich and 0. J.
Cartwright, eds.), AMMRC MS 77-5, Army Materials and Mechanics Research
Center, 1977, pp. 3.9.1-3.9.13.

J. H. Underwood and J. F. Throop, "Surface Crack K-Estimates and Fatigue
Life Calculations in Cannon Tubes,” Part-Through Crack Fatigue Life
Prediction, ASTM STP 687, (J. B. Chang, ed.), ASTM, 1979, pp. 195-210.
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susceptible to cracking. Another advantage of partial overstrain, although 5;
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not easily demonstrated, is nonethele s important. Partial overstrain is f%
l:':'

believed to be much less affected by nonideal plastic deformation (ref 8). 3
Thus, the overstrain process is better controlled, and the residual stresses jﬁﬂ
n._(lg

resulting from the process are more certainly known. These are important -
advantages in dealing with stress corrosion cracking. -
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